The phenomenon of postpacing depression of cardiac pacemakers was utilized to evaluate the sinus-node function in 56 patients by analyzing the sinus-node recovery time (SRT), that is, the interval between the last paced P wave and the following sinus P wave. Corrected SRT (CSRT) is defined as the recovery interval in excess of the sinus cycle (SRT -sinus cycle length). The SRT was measured following sinusnode suppression by (1) isolated premature beats (PABs) and (2) atrial pacing (AP) at rates of 100 to 140/min for periods of 2 to 5 min at each level. Twentyeight patients had normal heart rates (group A), and 28 patients had sinus bradyeardia (SB; group B). Ten of the 28 patients with SB were restudied after receiving atropine (2 mg intravenously). The CSRT with PABs was similar in both group A and group B patients and remained essentially unchanged after atropine despite a decrease in sinus cycle length. The phenomenon of interpolated PABs was demonstrated in seven of the 56 patients. In 27 of the 28 patients with normal heart rates (group A), the CSRT with AP ranged from 110 to 525 msec and was essentially independent of the rate and duration of AP. In the remaining one patient of group A, despite a normal heart rate, the CSRT was prolonged (1810 msec) and directly dependent on the rate and duration of AP. In 12 of the 28 patients with SB, the CSRT was comparable to that in group A (<525 msec). In the remaining 16 patients with SB (group B), the CSRT ranged from 560 to 3740 msec and was usually directly proportional to the rate and duration of AP. After atropine in most of the patients with a prolonged CSRT, the CSRT remained abnormal whereas in others junctional escape beats appeared first, followed eventually by normal sinus rhythm. In a single patient with SB and an abnormal CSRT, restudy 7,i months later again showed a prolonged CSRT indicating the reproducibility of the measurement. The CSRT with AP provides a potentially useful clinical means of assessing the sinus-node function and thereby aids in the diagnosis of the "sick sinus syndrome." It is stressed that AP was found to be more reliable than PABs in eliciting an abnormal response. Furthermore, a normal sinus (atrial) rate does not necessarily provide assurance of a normal sinusnode response to AP, that is, normal sinus-node function. Additional Indexing Words: Sinus-node function Atrial pacing THE VARIOUS clinical and ECG manifestations of disorders of sinus-node function include sinoatrial block, sinus pauses. or sinus arrest, sinus bradyeardia, and the brady-tachyarrhythmia syndrome. These constitute the sick sinus syndrome.' This syn-Sinus bradyeardia Atropine drome has been known ever since the availability of suitable recording instruments permitted differentiation from other forms of bradyeardia. Although previously considered a benign rhythm, it has gained clinical importance due to several reports ascribing Stokes-Adams attacks to this syndrome.2 4 Interest in From the Division
SINUS-NODE RECOVERY TIME patients with sinus bradyeardia or sick sinus syndrome has developed in view of available effective pacemaker therapy.;
Sinus bradyeardia (SB) may be a manifestation of one or more of the following three mechanisms : 7 8 ( 1) interactions of parasympathetic and sympathetic systems on the sinusnode automaticity; (2) poor function of the sinus node (SN) as an impulse generator; and (3) depressed conduction of the generated impulse from the sinus node to the atrium with sinoatrial (SA) block. Thus far, the adequacy of sinus-node function has been reflected primarily by the atrial rate during sinus rhythm. As yet, no means are available to record selectively and, if recorded, to validate the sinus-node potentials in man.
The purpose of the present study is to utilize the phenomenon of postpacing depression of cardiac pacemakers to evaluate the sinus-node function by analyzing the sinusnode recovery time, that is, the interval between the last paced P wave and the following sinus P wave. The sinus-node recovery time (SRT) was measured following sinus-node suppression by (1) isolated premature atrial beats (PABs) and (2) atrial pacing (AP), to provide quantitative measurements in patients with normal and abnormal sinus node. It should be stressed at the outset that wve have used both AP and PABs to stress the sinus node and have found AP to be a more reliable means than PABs for use in the diagnosis of the sick sinus syndrome.
Methods
Fifty-six patients (ranging in age from 16 to 90 years wvith mean age 61 vears) wvere studied.
Group A included 28 patients with normal heart rates (table 1) , and group B included 28 patients with sinus bradyeardia (SB; table 2).
Patients who showed a sinus rate of 55/mimi or less on more than one occasion were included in the SB group. The electrocardiographic findings and the cardiac medications are given in tables 1 and 2.
None of these patients had had a recent myocardial infarction, that is, within 8 to 10 weeks prior to the study, nor were anv in the immediate postoperative period. All patients were studied in the postabsorptive state and were Circulation, Volumie XLV, January 1972 premedicated with 100 mg of pentobarbital (Nembutal), administered intramuscularly 30 min prior to the study. One of these patients (case 38) was restudied 73 montlhs later.
Sinus recovery time (SRT) was measured during (1) premature atrial beats (PABs) and (2) after right atrial pacing (AP). Bipolar electrograms (BE) were recorded from the high right atrium (RA) and the His bundle region (BH), simultaneous with three standard ECG leads (usually L-I, aVF, and V1). Right atrial stimulation was achieved from the high RA in the region of the sinus node. In the initial part of the study, pacing sites in the right atrium and stimulus strength were changed to assess the effect of these factors, but no difference in the SRT was observed. Premature atrial stimuli, 2 msec in duration and twice the diastolic threshhold, were delivered after 12 to 14 sinuis cycles. The entire atrial cycle -,,as scanined bv the placement of progressivelv more prematuire atrial beats. All recordings were made at paper speeds of 100 to 200 mm/sec. After the entire atrial cycle had been explored by PABs, atrial pacing (AP) was performed at tvo or three different heart rates, 100, 120, and 140/min for periods of 2 and 5 min at each level. AP levels of over 120/min were used only in selected patienits.
Between each atrial pacing level a rest period of 2 to 3 min vas given to alloxv the rhythm to return to its basic levels. In our study, the sinus cvele usuallv returned to its control levels in less thani 1 min. The blood pressure was monitored either via an arterial needle or by a blood pressure cuff throughout the studv.
In 10 of the 28 patients wvith sinus bradycardia, stuidies wvere performed after atropine (2 mg) wvas administer-ed intravenously. 'Measuremnents xvere made 5 min after atropine administrationi to assess the effect of vagal tone and of altering sinus rate on the SRT. After atropine, the stimulation sequence used xvith PABs durinlg control study wvas repeated xvhereas atrial pacing wvas repeated only at a single level of 120/mim for 2 or 5 min.
Definitions
In everv patient the intervals betwveen successive atrial depolarization were measured from the bipolar atrial electrograms. During each test cycle, the following intervals wvere measured: (1) A1A1 which is defined as the interval between the txvo atrial electrograms of sinus origin; (2) average A1A1, xvhich is the average of 5 cycles (A1A1) measured preceding the PABs or AP; (3) A1A., the interval betxveen atrial electrograms of sinus origin and the PAB; (4) A2A3, which is the interval betwveen the PAB or the last atrial paced P and the stucceedinig atrial electrogramii of sinus origin and is defined as SRT; (5) the corrected SRT (CSRT) which is defined as the recovery interval in excess of the average sinus cycle length (SRT minus the average A1A1). In addition, the sinus cycle was measured for 5 or more cveles following the atrial stimulationi.
Results
Corrected Sinus-Node Recovery Time (CSRT) After Isolated Premature Atrial Beats (PABs) Group A. In all 28 patients, the sinus cycle length (A1A1) ranged from 600 to 920 msee (mean, 775). In all patients, as the A1A., interval was shortened, the SRT (A,A.,) and the CSRT (A2A3 -A1A1) were lengthened progressively to a point after which further . W SINUS-NODE RECOVERY TIME decrease in the A1A2 interval resulted in no appreciable increase in CSRT but a plateau effect was seen ( fig. 1 ). This maximum effect on lengthening of CSRT was usually observed when A1A.2 ranged between 70 and 80% of the sinus cycle (range, 65 to 90%). The maximum CSRT following PABs was variable from patient to patient and ranged from 100 to 370 msec (mean, 197 ± 70) or 12 to 41% of the basic sinus cycle (table 1) . The CSRT was reproducible in each patient during a given procedure. Group B. The CSRT in 24 patients was similar to those in group A and ranged from 100 to 435 msec (mean, 226 ± 91) (table 2). A single other patient (case 42) showed a markedly prolonged CSRT (900 msec or 75% of the sinus cycle). In the remaining three patients (cases 36, 41, and 43), in contrast to group A, the PABs were followed by a pause (AA,3) essentially equal to the sinus cycle length or CSRT ranged from 0 to 40 msec (fig. 2).
After Atrial Pacing
Group A. In 27 of the 28 patients in group A, the CSRT remained essentially unchanged despite an increase in rate and duration of AP from 100 to 140/min and from 2 to 5 min. A slight fluctuation in CSRT in the range of + 20 to ± 50 msec could be observed between different levels. A typical response to AP at three different levels each for 2-and 5-min duration is shown in figure 3 . The range of CSRT in these 27 patients was 100 to 525 msec (mean, 260 + 98) or 15 to 59% of the sinus cycle (table 1) .
In the remaining one patient (case 28) with a history of syncope and a normal heart rate, the CSRT was prolonged and directly proportional to the rate of AP. The CSRT progressively increased with increase in rate of AP from 100 to 120 to 140/min for 2 min at each level and ranged from 1810 to 3710 and beyond . msec, respectively ( fig. 4 ). However, in this patient the CSRT with PABs was 320 msec and was similar to that of the other 27 6 ). In the remaining 16 patients the maximum CSRT ranged from 560 to 3740 msec (mean, 1880 + 1079; table 2). In the latter 16 patients the CSRT was usually directly dependent on the rate and duration of AP and progressively increased with increase in either of these two factors ( fig. 7 ). In some of these 16 cases, after the termination of AP, the first sinus P was recorded without an appreciably prolonged CSRT but with a markedly prolonged second sinus cycle. In some of the patients with SB and prolonged CSRT, the postpacing depression persisted for several sinus cycles before returning to control levels. Most patients with SB and prolonged CSRT were not receiving cardiac medications.
In patients with prolonged CSRT, the development of symptoms was avoided by turning on the atrial pacemaker when the asystole, due to the sinus pause, exceeded 4 sec. After the cessation of AP, no acceleration in sinus rate was observed for the following 15 sec.
After Atropine WVith AP. Ten patients with SB (table 2) wvere restudied after atropine. In tvo of these 10 patients (cases 50 and 56) with SB, the control CSRT was not prolonged and remained unchanged after atropine. The other eight patients had a control prolonged CSRT. In four of the latter eight patients (cases 55, 39, 36, and 34), the CSRT after atropine was 1710, 620, 480, and 360 msec in contrast to control levels of 1350, 2450, 1860, and 1420 msec, respectively. In the remaining four patients (cases 30, 33, 37, and 38), junctional escape beats at intervals of 1120, 2250, 1200, and 4260 msec were the first to appear, followed eventually by sinus rhvthm after several cycles of junctional beats ( Cuiiives are cotntint(otu.s from left hlalf to right half of that figuire.
After Spontaneotus Atrial Tachycardia
In one patient (case 18) with recurrent spontaneous atrial tachycardia, CSRT was measured during stable sinus rhythm by atrial pacing ( fig. 9, upper panel) . At the end of the study, the patient spontaneously developed atrial tachycardia with an atrial cycle length of 215 msec ( fig. 8, lower panel) . After atrial tachycardia had persisted for 5 min, it was terminated by rapid atrial stimulation (400/min). The CSRT measured at the termination of the tachycardia was essentially the same as that after atrial pacing (100/min for 2 min), despite its spontaneous origin and a faster rate than AP ( fig. 9 ).
Follow-uip
In one patient (ease 38) with a hiistory of syncope, the CSRT was studied before and after 712 months of a permanent pacemakel implantation. The CSRT was markedly pro-longed when first studied abnormal during the second even at a slower AP rate. and remained study ( fig. 8 )
In seven of the 56 patients, pacer-induced interpolated PABs wvere observed. As the PABs were induced at progressively increasing prem-aturity, a level was reached at which the subsequent interval (A.,A:1) suddenly shortened and exhibited no compensatory pause (A1A1 = A1A.. + A.,A:1) ( fig. 10 ). This phenomenon could be reproduced in a given patient within a narrow range of the atrial cycle. A decrease in prematurity from this level resulted in sinus-node depression (increase in A2sA3) whereas an increase in prematurity exhibited relative or absolute refractoriness of the atrium. During relative refractoriness, the interval between the pacing impulse and the atrial depolarization lengthened or a phenomenon of atrial reentry or repetitive atrial firing was exhibited for 2 to 3 beats. In these patients, the coupling interval, at which interpolated PABs were produced, ranged from 350 to 450 imsec and was longer than the refractory period of the underlying atrial myocardium.
Discussion

Sinus-Node Recovery Time
The function of the sinus node is not only to generate the normal heart beat but also to respond to physiologic influences. The present study (by using atrial stimulation as a provocative test) provides a potential clinically useful parameter to assess sinus-node function. The sinus-node response is characterized by the duration of postpacing depression or SRT. Gaskell9 first demonstrated the depression of the intrinsic pacemaker activity by driving the heart at a rate faster than the dominant pacemaker. In a subsequent canine study, Lange10 found that the sinus node was less readily depressed than other pacemakers when pacing was terminated. This phenomenon of overdrive suppression has been clinically observed and utilized especially in terminating supraventricular arrhythmias.11' 12
This study provides measurements of the Circulation, Volume XLV, January 1972 CSRT with PABs and AP in patients both with normal heart rate and with SB. The range of CSRT with AP in all but one patient (case 28) with normal heart rates was narrow (110 to 525 msec), whereas in patients with SB it was very wide (140 to 3730 msec). The data show that patients with SB do not comprise a homogeneous group (figs. 6 and 7) and may or may not show an abnormal response. The CSRT in the normal heart rate group was usually independent of the duration and rate of AP (up to 140/min) whereas in the majority of the patients with SB and an abnormal response it was directly proportional to the duration and rate of AP. In the patients with normal heart rates the beats following AP showed a slight lengthening of the sinus cycle length which usually lasted for a short time with a progressive reversion to control levels over 5 to 6 beats, whereas a longer period was required in patients with prolonged SRT. In an occasional case with SB, the maximum postpacing depression was not seen in the very first sinus P wave but in the second sinus P wave which appeared after a marked delay. Most acceleration of sinus rate sx as observed for a period up to 15 see after the terimination of AP. These findings are in contrast to a sttidy on dogs which showx ed that in presumablnormal dogs the SRT was directly proportional to the rate and duration of AP.1'" An analysis of the data in the dog study1" shows that the change in SRT with increase in rate and duration of AP was usuallv small and in the range of about 50 msec. This increase is insignificant in view of the normal fluctluations in SRT (range, +50 msec) between different levels in our study. Recentlv reported x alues of CSRT in patients with normal sinus rate are comparable to that of onrs.l:3 However, because of a limited number of patients (three cases) with SB, that study did not showv that patients with SB necessarily havre a proloiged CSRT.1' The temporary depression of pacemaker automaticity subsequent to premature electrical stimulation has been demonstrated in several experimental and clinical studies.11 [14] [15] [16] Recently, Bonke and associates'1 studied the factors determining the duration of the postextrasystolic pause following induced PABs in the isolated right atrium of the rabbit. Their study showed that the duration of the postextrasystolic pause increased progressively with a progressive increase in prematurity of the PABs up to a level approximately equal to 70%c of the sinus cycle, beyond which a further increase in prematurity resulted in an essentially plateau effect. Our findings support these ob- (fig. 1 ). With PABs, after atropine administration, the absence of any change in CSRT despite an increase in sinus rate indicates that the CSRT is independent of the cycle length and vagal tone. Furthermore, it explains the similar response to PABs in patients with normal heart rates and SB.
The mechanism of overdrive suppression following AP is probably mediated in some way through humoral responses. 18-2' This inability to abolish completely the postpacing depression after atropine in this and other studies"'. 13 suggests the role of factors other than acetylcholine. It has been suggested 22. 23 that driving stimuli. result in an increase in extracellular K+ which leads to the suppression by two mechanisms (1) a decrease in phase 4 depolarization and hence a decrease in automaticity;
(2) a decrease in the resting Circulation, Volume XLV, January 1972 potential and in the amplitude of the action potential which, in turn, may render it ineffective as a stimulus for propagation. 24 24 However, as yet this issue is unsettled.2'
In most of the patients, SB was not secondary to increased vagal tone as only minimal acceleration in sinus rate was exhibited after atropine administration. In addition, a prolonged CSRT remained abnormal despite a decrease from the control levels and suggests that the prolongation was mainly due to a poor function of the sinus node itself, although vagal tone contributed to it.
The important question is what parameter of the sinus-node function is reflected by this response (postpacing depression): (1) Is it due to a delay or block in sinoatrial conduction or (2) node as an impulse generator? The first possibility is unlikely for the following reasons: (a) The presence of sinus rhythm (SR) is an indication of intact sinoatrial conduction whereas the existence of a compensatory pause following the atrial stimulation (with PAB and AP) is suggestive of conduction from the atrium to the sinus node.17 (b) Atrial pacing at a rate faster than SR should decrease the refractory period (RP) of the atrium, within limits, due to a decrease in cycle length and thus facilitate conduction from SN to RA. (c) Concealed conduction from RA to SN with AP may delay SN to RA conduction for one subsequent sinus cycle, but longer delays (SRT) cannot be attributed to this property. (d) Experimental work shows that following atrial stimulation a shift in impulse origin may occur from true pacemaker cells in the center of SN to latent pacemaker cells situated at the periphery of the SN.17 23 However, the conduction time from the latter pacemakers to RA should be shorter as opposed to that of the former. Therefore, the second possibility, that is, a change in the automaticity of the sinus pacemaker cells (or decrease in the strength of the sinus impulse) is the most likely explanation for postpacing depression. This is further supported by a recent editorial suggesting that sinus impulses, if subthreshhold, may fail to excite the atrium and result in long pauses with atrial asystole.26 This decrease in automaticity may be secondary to shift in pacemaker site from true to latent pacemaker cells or direct depression of automaticity patients probably provide a measure by which the function of the sinus node as an impulse generator can be assessed. The automatic capacity of the sinus node may be reflected by the duration of (1) the sinus-node recovery time after the termination of atrial pacing and of (2) the depressant effect present in the subsequent beats which show a longer sinus cycle length as compared to the control sinus cycles preceding AP. It should be stressed that AP, rather than PABs, is a more reliable method of differentiating between a normal and an abnormal sinusnode response. The CSRT following PABs was usually similar in all patients (normal or SB) and was in no way comparable to the prolonged CSRT seen with AP in patients with sick sinus (tables 1 and 2). Case 28 (figs. 4 and 5) is illustrative. This patient had a Circulation, Volume XLV, January 1972 subsequent beats with markedly prolonged history of syncope and on admission showed heart rates within the normal range without any arrhythmias. The CSRT, although normal during PABs, was grossly abnormal with AP. Following the cessation of AP, a period of asystole more than 4.5 see in duration was noted. These findings are of clinical significance and suggest (1) that a normal sinus rate is no assurance of normal sinus-node function and (2) that all patients with SB may not have a poor sinus node. They also may explain (3) why some patients with SB and comparable rates are stable and asymptomatic, whereas others have syncopal or dizzy spells. The latter group probably represent patients with bradytachy syndrome who manifest long periods of asystole following supraventricular arrhythmias.
The majority of the patients with SB and a markedly prolonged CSRT did not demonstrate escape of lower pacemakers, that is, the A-V junctional or ventricular, during the Circulation, Volume XLV, January 1972 periods of asystole. In no case was the escape of an ectopic atrial pacemaker seen. Concerning man, no control data are available to indicate the normal escape interval of lower or subsidiary pacemakers following suppression by AP. Animal studies performed after crushing of the sinus node have suggested a greater depression or longer recovery time of the A-V junctional pacemakers than the sinus node.10 These findings cannot necessarily be applied to man. The long periods of asystole without the escape of lower pacemakers leads us, however, to believe that the automatic capacity of these subsidiary pacemakers (especially A-V junctional) is also compromised in the patients with abnormal sinus response or prolonged SRT. In some of these cases when SRT was reevaluated after atropine, junctional pacemakers were the first to appear and were followed subsequently by sinus rhythm.
Patient 38 ( fig. 8 ) with SB when initially studied showed markedly prolonged SRT. Because of the history of syncope, a permanent pervenous demand pacemaker was implanted. Seven and a half months later, a follow-up study showed similarly prolonged SRT. Another patient, case 18 ( fig. 9 ), showed identical SRT with AP (at 100/min for 2 min) and following termination of spontaneous atrial tachycardia (280/min for 5 min). The above findings demonstrate the reproducibility of SRT and support the clinical use of AP for evaluation of sinus-node function. To test the sinus-node function, we recommend that the AP be initially used only at one level (120/min for 2 min ). Demonstration of a normal SRT would eliminate the need for a second level since the SRT in patients with normal sinus node is independent of rate and duration of AP. However, if an abnormal SRT is recorded with a single level, a second higher level of AP showing further prolongation of SRT may be employed as comfirmation.
Interpolated Beats
The phenomenon of interpolated beats has been reported clinically.27 This was observed in seven patients during our study (fig. 10 ). The interpolated beats indicate the inability of the PABs at that level of prematurity to Circulation, Volume XLV, January 1972 depolarize the sinus pacemaker. The absence of sinus-node depression may be the result of (1) unidirectional conduction block from the RA to SN because of the refractoriness of the tissue at the periphery of the sinus node28 or (2) the penetration of the premature impulse into the sinus node during the absolutely refractory period of the sinus pacemaker cells. In these patients, atrial depolarization with a further increase in prematurity of the PABs, beyond that for interpolated PABs, indicates a shorter refractory period for the right atrial muscle than the sinus node or perinodal sinus tissue.28 Previous studies from this laboratory have demonstrated the presence of independent unidirectional blocks in conducting tissues, that is, A-V node or His-Purkinje system.29 30 Therefore, the demonstration of interpolated beats and the presence of unidirectional block during conduction from RA to SN does not permit the prediction of the conduction capabilities from SN to RA, that is, sinoatrial block. In addition, many patients whose ECG pictures were compatible with the diagnosis of sinus arrest or SA block did not demonstrate this phenomenon of interpolated PABs. All the seven patients who manifested interpolated PABs had normal heart rates and a normal SRT during AP. Five minutes after the onset of AT, rapid atrial stimulation (RAS) was instituted at a rate of 400/min for 10 sec. The cessation of RAS is followed by a normal sinus P wave with an SRT of 1220 msec which is essentially similar to that in the upper panel despite the spontaneous origin of atrial tachycardia at a rapid rate (approximately 280/min) for longer duration as opposed to AP at 100/min for 2 min only. At the cessation of AT, the demand ventricular pacemaker escapes (VPI) simultaneously with the sinus P shown in BE(RA). This P and the subsequent two P waves are not conducted because of a rate similar to that of the pacemaker escape interval.
